Abstract -In this study, three dimensional natural convection with or without radiation in a discretely heated vertical channel is studied experimentally and numerically. One of the channel walls is discretely heated by four flush-mounted heaters and the others are insulated. The study is focused on the effects of surface radiation on reverse flow at the outlet and convection heat transfer from the heater surfaces. The range of the modified Grashof number covers the values between 3.82x10 6 and 1.53x10 7 . Surface to surface radiation heat transfer is considered while the medium is considered as non-participating. Emissivity of the heater surfaces and other surfaces are 0.05 and 0.9, respectively. Temperature measurements are performed in the experimental study. ANSYS Fluent software is used in the computational analysis. The Nusselt number as well as the velocity and temperature profiles are obtained for various values of the modified Grashof number.
Introduction
As the processing capacity of electronic devices increase day by day, their size gets smaller. Depending on the processing capacity and the compact design of the device, heat generation by a circuit component also increases, which causes an excessive temperature rise. This temperature rise may result in malfunctions based on thermal stresses in the circuit components. For this reason, thermal management of electronic devices has become important. In order to ensure safe and continuous operation, component temperatures must be kept below the safety limit specified by manufacturer. Convection heat transfer is an option for cooling. Different modes of convection can be used for cooling of electronic equipments. Natural, mixed and forced convection regimes are widely used. Natural convection is effective for cooling of low power electronic devices such as consumer electronics. Also, it is preferred because of its easy application and safety. In addition, conduction and radiation heat transfer is effective and should be taken into account.
There are numerous studies related to convection heat transfer in vertical or inclined channels in the existing literature. Many of these works have investigated different convection regimes. However, studies examining the effects of radiation on flow and heat transfer are limited. Numerical and experimental studies on natural convection heat transfer were performed for different working parameters and channel configurations [1] [2] [3] [4] [5] [6] [7] [8] [9] . Mixed convection heat transfer was studied for different heater configurations, various inclination angles of the channel and different flow conditions [10] [11] [12] [13] [14] . Xu et al. [15] numerically investigated turbulent forced convection between two parallel plates with discrete flush-mounted heaters. Conjugate-mixed convection with radiation in a vertical channel was examined in Refs. [16] [17] [18] [19] . Premachandran and Balaji [20] analyzed the effects of material and surface properties of channel walls and heaters, the Grashof number and the Reynolds number on conjugate mixed convection with radiation in a discretely heated vertical channel. They pointed out that for an accurate prediction of heat transfer and temperature distribution, radiation heat transfer should not be ignored. Londhe and Rao [21] numerically studied mixed convection-radiation heat transfer in a discretely heated vertical channel.
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The aim of the study is to investigate the buoyancy-induced flow and heat transfer in a vertical channel with discrete heaters placed on its one wall. Two cases will be examined in this study. In the first case, radiative heat transfer occurs between the heaters and remaining surfaces. In the second case, radiative heat transfer between surfaces is neglected. Special focus will be given on the effects of surface radiation on reverse flow condition at the channel exit and convection heat transfer from the heater surfaces.
Experimental Apparatus and Procedure
The schematic of the test section and photograph of the experimental set-up are shown in Fig 1. The experimental setup consists of a computer, a data acquisition system, a DC power supply, an uninterruptable power supply and the test section. Experiments are carried out in a vertical channel with four identical flush-mounted discrete heat sources on its one wall. The remaining surfaces are thermally insulated. The channel walls are made of 10 mm thick (t p ) polycarbonate plate Three 0.4 mm-diameter copper-constantan thermocouples are placed 1 mm under each of the copper plates. Eighteen thermocouples are used along the centerline of the polycarbonate plates and two thermocouples are used at the inlet-outlet sections of the channel. Also, twelve thermocouples are located at the back of heaters and insulation material. Experiments are carried out in an air-conditioned room and test section is placed in a chamber in order to minimize environmental impacts. Before beginning of each experiment, temperature and relative humidity were kept at 24°C and 50% by an airconditioner. For each measurement, the flow is considered to have reached steady state when temperature measurements don't change with time any more. 
Numerical Study
In the numerical part of the study, ANSYS Fluent software is used to solve governing equations. The flow is assumed to be three dimensional, steady and laminar. Constant fluid properties are assumed except for the density change. Density change with temperature that induce buoyancy forces is modelled by adopting Boussinesq approximation. In addition, radiative heat transfer between surfaces and conductive heat transfer inside the walls are taken into account. The schematic of the problem is shown in Fig. 2 . 
Governing Equations
The governing equations for a 3D, steady, incompressible, laminar flow are given as follows:
In the fluid region: 
where k is the thermal conductivity of the material.
The hydraulic diameter is defined as:
The heat transfer coefficient is: 
Boundary Conditions
Pressure inlet and pressure outlet boundary conditions are applied at the channel inlet and channel exit, respectively. The working fluid, air, is assumed to be nonparticipating medium and its temperature is 24°C at the inlet. For radiation calculation, radiation boundary condition is also specified. External black body temperature is 24°C at the inlet-outlet boundaries and internal emissivity value of these boundaries is 1. Emissivity value of the black channel surface and the polished copper surfaces are 0.9 and 0.05, respectively. Coupled boundary condition is used at wall-to-wall and wall-tofluid boundaries. In addition, convection boundary condition with the convection heat transfer coefficient, h=5 W/m 2 K is implemented at the outer surfaces of the insulation material.
Numerical Method
Numerical study is performed using ANSYS Fluent CFD software which is based on control volume method. Pressure based-segregated solver is used for incompressible flow. In this method, governing equations are solved sequentially. SIMPLE algorithm is used for pressure-velocity coupling. Momentum and energy equations are discretized by a second order upwind scheme and pressure interpolation is provided by PRESTO scheme which is recommended for natural convection flows. Radiation heat exchange between the surfaces is taken into account by surface to surface radiation method (S2S) which assumes the surfaces gray and diffuse [22] . Convergence criterion is chosen as 10 -5 for continuity, momentum energy and radiation equations.
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Mesh Structure
In the numerical studies, a uniform mesh structure is applied in both coordinates. Smaller mesh size is used in the flow domain, interior of the heaters and channel walls where the heat transfer through the boundaries is important. In order to calculate the temperature gradients within the thermal boundary layer accurately, finer mesh is adopted in the x direction while coarse mesh covers the y and z directions. A mesh independence study has been performed using four different cell numbers (1265616, 1736856, 2235024 and 2706264 cells) and results are obtained for the average Nusselt number values on heater surfaces. The mesh independence study shows that significant changes have not been obtained between the 1736856 and 2235024 cells and solutions have been performed with 1736856 cells.
Mesh independent results were compared against our experimental measurements on heated and unheated walls at Gr* Dh =1.53x10 7 . It is clearly seen from Fig. 3 that numerical results are agreed well with the experimental measurements. Maximum temperature difference between the experimental and numerical temperature values is 2.5°C. 
Results and Discussion
Heated and unheated wall temperatures for different values of the modified Grashof number with or without radiation heat exchange between the surfaces are given in Fig. 4 . In the numerical modeling, volumetric heat generation was imposed both of the heaters. The modified Grashof number defined in Eq. (7) is also a function of volumetric heat generation. Thus, surface temperatures of the heaters and channel walls increase with the modified Grashof number. It is clearly seen from the figure, surface temperature rises sharply from the entrance of the channel and heater temperature remains constant due to high conductivity of copper. On the heaters, surface temperatures are higher than unheated sections and surface temperatures decrease towards the channel exit. Air enters the channel at ambient temperature, 24°C, heats by contacting the heaters and moves upward under the influence of buoyancy force. Heat transfer decreases due to the increase in air temperature when fluid moves upward, and, therefore, heater temperatures increase. The radiation heat exchange is very important, and it influences buoyancy induced flow depending on boundary layer formation at the unheated wall-to-fluid interface. From the entrance of the channel, surface temperatures at the unheated wall rise, then reach the highest value at the opposite section of the heater 4 and finally decrease towards the channel exit. When the radiation heat exchange is neglected, convection heat transfer decreases, therefore heater temperatures increase, and a remarkable change in surface temperatures at the unheated wall isn't seen (see Fig. 4b ). Vertical velocity distribution at different coordinates in flow domain is shown in Fig. 5 at Gr* Dh =1.53x10 7 . At L tot /4, where the surface temperature at the heated wall is low, velocity distribution is almost symmetrical. As air ascends along the channel, buoyancy effects become significant due to the temperature rise of fluid and heated wall and, velocity values become higher near the heated wall. The surface temperature of the unheated wall increases when radiation heat exchange between surfaces is taken into account. When radiation heat exchange is not included in the analysis, a reverse flow near the unheated wall is observed. The reverse flow disappears when the radiation is included (see Fig. 5b ). ENFHT 106-7
The variation of the average Nusselt number with the modified Grashof number for the cases with or without radiation heat exchange is represented in Fig. 6 . It is seen from the figure, the average Nusselt number reaches the highest value at the entrance and decreases due to the increase in air temperature through the channel in all the cases considered. An increase in Gr* Dh increases Nu, as expected. Including the radiation heat exchange in the analysis increases heat transfer more. 
Conclusion
Three dimensional natural convection in a discretely heated vertical channel have been analyzed experimentally and numerically. The effects of the modified Grashof number and surface radiation on natural convection from the heaters and reverse flow have been investigated. Some of the important findings obtained in the study can be presented as follows:
 Surface temperatures of the heated wall increase from the entrance of the channel and decrease towards the channel exit in both cases.  Surface temperatures of the unheated wall increase especially at the opposite section of the heaters due to the surface radiation.  A significant change in surface temperatures of the unheated wall does not occur when surface radiation is not taken into account in the numerical computations.  Surface radiation has significant effects on buoyancy-induced flow. The reverse flow observed for the case without surface radiation exchange is shown to disappear with surface radiation exchange.  Convection heat transfer is more effective in the channel entrance where the fluid is colder, and it decreases gradually towards the channel.  Surface radiation is effective on convection heat transfer depending on the direction of the buoyancy forces.  Convection heat transfer increases with an increase in the modified Grashof number.
